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Abstract:

Machined surface quality in carbon fibre reinforced polymer (CFRP) is commonly assessed using roughness
parameters, which may not fully represent heterogeneous three-dimensional topography. This study investigates
whether volumetric descriptors complement profile and areal roughness in milled CFRP surfaces. Dry up-milling
experiments were conducted using a two-flute polycrystalline diamond end mill under a full factorial design with
cutting speeds of 200 and 300 m/min and feed per tooth values of 0.017, 0.033 and 0.050 mm/tooth. Surface quality
was characterized by focus-variation optical metrology using Ra, Sa, Above Surface Volume and Below Surface
Volume. Cutting force, final cutting-edge radius and selected pCT observations supported interpretation of the
machining response. Two-way ANOVA showed that feed per tooth accounted for 84.1% of Ra variation, while cutting
speed and its interaction with feed were not significant. In contrast, Sa and both volumetric descriptors were
significantly affected by cutting speed, feed and their interaction. At 0.050 mm/tooth, increasing cutting speed from
200 to 300 m/min changed Ra only from 1.527 to 1.426 um, whereas the response shifted from above-surface
dominated (Vabove = 0.975 mm?, Vieiow = 0.033 mm?®) to below-surface dominated (Vabove = 0.106 mm?, Vierow = 0.231
mm?). The 300 m/min condition exhibited more numerous and extensive pCT-visible discontinuities than the 200
m/min condition. Analysis over cumulative cutting length showed no universal monotonic relationship between cutting
force and surface quality. Overall, the separated volumetric descriptors complement Ra and Sa by retaining the
direction of three-dimensional topographic deviation, providing additional information for CFRP machining-quality
assessment.

Keywords: CFRP milling; Above and Below Surface Volume; Three-dimensional surface topography; Surface
roughness

1. Introduction

Carbon fiber reinforced polymer (CFRP) composites are increasingly employed in aerospace, automotive, marine and
other high-performance engineering applications because of their high specific strength, high specific stiffness and
excellent fatigue performance [1], [2], [3]. Although CFRP components can be manufactured close to their final
geometry, secondary machining operations such as milling and drilling are commonly required to achieve the
dimensional accuracy, geometrical features and assembly requirements of finished components [4], [5]. However, the
heterogeneous and anisotropic nature of CFRP, arising from the combination of stiff carbon fibres, a polymer matrix
and fibre-matrix interfaces, makes material removal fundamentally different from conventional machining of metallic
materials [6], [7]. Material removal is accompanied by brittle fracture, fibre breakage, fibre pull-out and matrix
removal, while the abrasive nature of carbon fibres can accelerate cutting-tool degradation [8], [9], [10]. Consequently,
machining conditions and tool condition can strongly influence cutting forces, tool wear and the integrity of the
machined surface, making the reliable characterization of machining quality an important issue in the manufacturing
of CFRP components [11], [12].

Surface quality is therefore one of the key indicators used to evaluate the performance of CFRP machining.
Conventional profile roughness parameters, particularly Ra, and more recently areal parameters such as Sa, have been
extensively employed to quantify the geometric quality of machined surfaces and to investigate the effects of cutting
parameters, tool geometry and tool wear [13], [14]. For example, recent CFRP milling studies have demonstrated that
changes in cutting speed, milling strategy, fibre cutting angle and tool condition can produce measurable variations in



cutting force and areal surface roughness [15], [16]. However, the machined surface of CFRP is inherently
heterogeneous and may contain localized fibre fracture, fibre pull-out, matrix removal, burrs, pits, cracks and other
irregular features that are not necessarily represented adequately by a single statistical roughness parameter [17], [18],
[19]. Recent investigations of CFRP machining have consequently moved toward more detailed characterization of
surface morphology and areal topography, while also considering the relationships among surface roughness, cutting
force and tool wear. These developments suggest that conventional roughness parameters remain essential for
benchmarking machining quality, but complementary descriptors capable of quantifying the magnitude and spatial
characteristics of machining-induced surface features may provide additional information for a more comprehensive
assessment of CFRP machined surfaces [20], [21], [22].

To overcome some of these limitations, three-dimensional surface topography and areal surface characterization have
increasingly been adopted for the assessment of machined CFRP surfaces. In contrast to profile-based parameters,
areal measurements provide spatially distributed information over a measured surface and allow localized peaks,
valleys and machining-induced defects to be considered. For example, Cai et al. [23] investigated the three-dimensional
surface topography of milled CFRP and demonstrated that fibre orientation strongly influences the morphology and
roughness of the machined surface. More recently, systematic analyses of CFRP machined surfaces have employed
multiple areal parameters, including S, S4, Ssi, Skyand S, to distinguish the effects of fibre orientation and machining
conditions on surface morphology [24]. Such approaches represent an important development from conventional two-
dimensional roughness measurements because they capture the spatial distribution and statistical characteristics of
surface features rather than reducing the surface to a single profile. Nevertheless, most three-dimensional approaches
still describe surface quality primarily through height-based or distribution-based roughness parameters, leaving the
actual volumetric magnitude of localized material removal and surface defects less explicitly quantified.

A further step toward quantifying machining-induced surface damage is to characterize the volume associated with
localized surface defects [25], [26], [27]. In an early and particularly relevant study, Nguyen-Dinh et al. [28] combined
scanning electron microscopy, X-ray tomography and three-dimensional optical topography to characterize machining
damage generated during CFRP trimming. Rather than relying solely on conventional roughness parameters, the
authors proposed crater volume (C,) and maximum depth of damage as descriptors of machining-induced surface
damage and showed that these parameters provided a more realistic representation of the damage than classical
roughness criteria when related to the compressive strength of the machined specimens. In a related study, the same
research direction further demonstrated that crater volume could be compared with S, and X-ray tomography
observations to characterize the effects of textured surface on the mechanical behavior of CFRP structures [27]. These
studies established an important basis for volumetric characterization of CFRP machining damage. However,
subsequent CFRP machining studies have continued to rely predominantly on profile or areal roughness parameters,
while the volumetric description of machined-surface features has received considerably less systematic investigation.
In particular, the potential distinction between material volumes located above and below the reference surface, and
how these volumetric components respond to cutting conditions and relate to conventional roughness and machining
mechanics, remains insufficiently explored [4], [29] .

Despite these developments, several aspects of volumetric characterization of CFRP machined surfaces remain
insufficiently understood. First, although crater volume has been introduced as a descriptor of machining-induced
damage, volumetric characterization has not been developed to the same extent as profile- and areal-roughness-based
approaches [18], [30]. In particular, the possibility of distinguishing material volume located above and below a
reference surface has received limited systematic attention, even though these two components may represent different
morphological consequences of the material-removal process. Second, the relationship between volumetric surface
descriptors and conventional quality indicators has not been sufficiently established. Recent studies have increasingly
investigated the coupled effects of tool wear, cutting force and areal surface roughness [31], while studies of subsurface
damage have demonstrated that tool-edge rounding and cutting conditions can substantially affect damage depth [32]
. However, these studies have generally treated roughness, force, tool wear and damage as separate or complementary
responses rather than examining whether volumetric descriptors can provide additional information linking machining
mechanics to the resulting three-dimensional surface morphology. Third, it remains unclear whether volumetric
descriptors provide information that is genuinely complementary to conventional roughness and machining-mechanics
indicators, or whether they simply reproduce trends already captured by Ra, Sa, or cutting force. Establishing these
relationships is necessary to clarify the practical value of volumetric characterization for CFRP machining.

To address these gaps, this study aims to evaluate a volumetric-based approach for characterizing the machining quality
of CFRP surfaces and to determine whether volumetric descriptors provide information complementary to
conventional roughness parameters. CFRP milling experiments were conducted at two cutting speeds (I, = 200 and
300m/min) and three feed-per-tooth levels (f, = 0.017, 0.033 and 0.050 mm/tooth), while the radial depth of cut was
maintained at 2 mm. For each cutting condition, cutting force and three-dimensional surface measurements were
obtained, including profile roughness (Ra), areal roughness (Sa), above-surface volume, below-surface volume and
projected area. Statistical analyses were performed to quantify the effects of cutting parameters and their interaction



and to examine the relationships among cutting force, conventional roughness and volumetric descriptors. Optical
surface observations and a representative transverse profile were additionally used to illustrate selected differences in
surface topography, while final cutting-edge measurements were used to support interpretation of the mechanical
machining response. For the two high-feed conditions exhibiting the clearest inversion in volumetric response, selected
X-ray micro-computed tomography (LCT) observations were additionally obtained at a common subsurface depth to
provide independent qualitative evidence for the physical relevance of the Below Surface Volume. The study therefore
seeks to establish whether volumetric characterization can reveal machining-induced surface features that are not fully
represented by conventional roughness parameters and to provide a more physically informative framework for
assessing CFRP machining quality.

The main contributions of this study are threefold. First, it systematically evaluates separated above- and below-surface
volumetric responses of CFRP machined surfaces under different combinations of cutting speed and feed per tooth,
extending volumetric characterization beyond a single total or crater-volume descriptor. Second, it quantitatively
compares the volumetric descriptors with conventional profile roughness Ra, areal roughness Sa, and cutting force to
determine whether they provide complementary information for machining-quality assessment. Third, it examines the
evolution of these descriptors with cumulative cutting length and verifies the robustness of the volumetric response
through normalization by projected area, thereby establishing whether the observed trends reflect genuine changes in
three-dimensional topography rather than differences in the analyzed surface area.

2. Experimental procedure

The CFRP plates were prepared from P2352 prepregs with a symmetric stacking configuration of [90°/90°/-
45°/0°/45°/90°/-45°/90°/45°/90°]s resulting in plates with a nominal size of 300 mm X 300 mm % 5.2 mm. The
mechanical properties of the composite material are summarized in Table 1. Prior to machining, the plates were cut
into specimens measuring 270 mm x 16 mm x 5.2 mm. This geometry provided a sufficiently long and accessible
machined surface for sequential machining and subsequent surface characterization. Each specimen was machined on
both longitudinal faces. After machining one face, the specimen was removed from the fixture, reversed, and
subsequently mounted for machining of the opposite face. An unmachined balancing specimen of the same geometry
as the test specimen was positioned on the opposite side of the clamping bar to balance the tightening force and
maintain repeatable clamping conditions. The overall fixture arrangement is illustrated in Figure 1. Further details
regarding the fixture configuration and specimen mounting procedure can be found in [33].

The machining experiments were performed on a Mazak VERTICAL CENTER SMART 530C. Cutting forces were
monitored using a Kistler quartz three-component dynamometer (Model 9257BA, Kistler Instruments (Pte) Ltd,
Midview, Singapore). For each machined face, the reported cutting-force value was obtained by averaging five
measurement positions along the cutting path. These five positions were used to characterize the within-face force
response and were not treated as independent experimental replicates. The experimental design comprised two levels
of cutting speed and three levels of feed per tooth, while the radial depth of cut, (a.), was maintained at 2 mm for all
cutting conditions. The complete set of machining conditions is provided in Table 2. A new PCD helical end mill was
employed for each machining condition. The cutter had two flutes and a diameter of 8 mm, and its geometry is
presented in Figure 2. For each combination of cutting parameters, eight toolpaths were performed. Surface
characterization was performed at the midpoint of each successive 270-mm machined face, corresponding to
cumulative cutting lengths of 0.135, 0.405, 0.675, 0.945, 1.215, 1.485, 1.755 and 2.025 m. Since the length of each
machined face was 270 mm, the resulting accumulated cutting length for each machining condition was 2160 mm (270
mm X 8). Four specimens were machined for each cutting condition, and both longitudinal faces of each specimen
were machined, yielding eight machined faces per condition. The two faces from the same specimen were treated as
paired measurements rather than independent experimental replicates. For the two-way ANOVA, the two face
measurements were averaged for each specimen, resulting in four independent specimen-level observations per cutting
condition. All experiments were conducted under dry machining conditions using an up-milling configuration.

The machined surfaces were characterized using an Alicona InfiniteFocus optical 3D measurement system. Surface
measurements were acquired using a 10x objective, with a vertical resolution of 0.10 um and a lateral resolution below
8.01 um. For each specimen, a rectangular region of interest (ROI), with a nominal area of approximately 45 mm?,
was selected entirely within the machined surface. The two free edges of the specimen, where fraying and protruding
fibres commonly occur, were excluded from the ROI to minimize the influence of edge-related damage on the
measurement results. The three-dimensional surface roughness was characterized using the areal roughness parameter
(S,) through the SurfaceTextureMeasurement function. In addition, the profile roughness (R,) was determined from
profiles extracted within the same measurement region using a cut-off wavelength of A.=800um. The Alicona system
was also used to characterize the three-dimensional surface topography and cutting-edge geometry.

To quantify the volumetric characteristics of the machined surfaces, the VolumeMeasurement function was employed
to determine the topographic volumes located above and below the reference surface, denoted as Above Surface
Volume (Vapove) and Below Surface Volume (Vieiow), respectively. The actual area of the region used for the volumetric



calculation was obtained from the Projected Area parameter provided by the software. For each machined surface, the
volumetric measurement was repeated three times within the same optical field without repositioning the specimen on
the Alicona stage. The ROI was redefined for each repetition and could vary slightly in position and projected area
while remaining within the same machined region. These repeated measurements were used to assess the repeatability
of the volumetric characterization rather than as independent experimental replicates. The volume calculation was
performed using the Soap Film method, in which an ISO-surface was constructed from the three-dimensional boundary
of the selected ROI and used as the reference surface for volume determination. According to the Alicona
documentation [34], the Soap Film method generates a bounding surface analogous to a soap film stretched across the
three-dimensional boundary of the selected region, allowing the reference surface to adapt to the local geometry rather
than being constrained by an absolute planar reference. The Above Surface Volume (Vavove) and Below Surface Volume
(Velow) Were then calculated as the topographic volumes located above and below this reconstructed reference surface,
respectively. This approach has been employed in previous studies [35], [36] to quantify wear or material-loss volumes
from three-dimensional topography data, while volumetric profilometry using Alicona systems has also been applied
to characterize surface cavities and fibre pull-out in machined CFRP surfaces. Selected specimens were additionally
examined by X-ray micro-computed tomography (uCT) using a ZEISS Xradia Versa 620 X-ray Microscope (ZEISS,
Germany). The measurements were acquired using a 10x objective, with a reconstructed voxel size of 1.08 um. The
X-ray source was operated at 60 kV and 6.5 W, with 1601 projections acquired over 360°. Reconstructed pCT slices
for the two high-feed conditions, V. = 200 and 300 m/min at f, = 0.05mm/tooth, were extracted at the same depth of
100 pm below the machined surface. These pCT observations were used only as qualitative support for the
interpretation of the below-surface volumetric response.

The effects of cutting speed, feed per tooth and their interaction on F;, Ra, Sa, Vapoveand VyejowWwere evaluated using
two-way ANOVA at a significance level of p < 0.05. For the ANOVA, the two machined faces of each specimen were
averaged, resulting in four independent specimen-level observations per machining condition. Percentage
contributions were calculated from the corresponding ANOVA sums of squares.

Pearson correlation analysis was used to examine the relationships among cutting force and the surface descriptors
using the 48 machined-face observations. Additional within-condition correlations were evaluated after subtracting the
corresponding cutting-condition means. Linear trends with cumulative cutting length were also examined for each
machining condition to characterize the progression of the measured responses.

Table 1. Mechanical properties of P2352 prepreg.

Density Longitudinal shear Longitudinal Compressive Tensile strength Poisson’s
(g/cm?) modulus (GPa) Young’s modulus strength (MPa) (MPa) ratio
(GPa)
2.63 6.21 162 1552 2844 0.34

Table 2. Machining parameters

Cutting speed, Vc (m/min) 200 and 300

Feed per tooth, f, (mm/tooth) 0.017, 0.033, and 0.05
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Fig. 1. Schematic illustration of the experimental machining setup used in the present study.

Fig. 2. PCD milling cutter with two helical cutting edges.

3. Results and Discussion
3.1. Cutting force and tool-edge condition

In this research, the resultant cutting force, (Fr), was calculated from the three orthogonal cutting-force components
using Eq. (1):

Fp= JF2+F2+ F? (1)

where F, Fy, F, denote the feed, normal, and thrust force components, respectively. The corresponding force directions
and coordinate system are schematically illustrated in Figure 1.

The resultant cutting force, Fg, was strongly influenced by both cutting speed and feed per tooth. At V. = 200m/min,
the mean cutting force increased from 35.64 N at f, = 0.017mm/tooth to 51.66 N at f, = 0.033mm/tooth and reached
72.775 N at f, = 0.05mm/tooth. A similar feed-dependent increase was observed at I/, = 300m/min, although the force
levels were substantially lower, increasing from 28.49 to 32.64 and 41.27 N over the same feed per tooth range (Fig.
3).
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Fig. 3. Effect of cutting speed and feed per tooth on the cutting force, Fy.

The statistical effects of cutting speed and feed per tooth on the cutting-force and surface-quality responses were
evaluated using two-way ANOVA, and the results are summarized in Table 3. This table provides the common
statistical basis for the analyses presented throughout Sections 3.1-3.5. For Fg, both cutting speed and feed per tooth
were highly significant, contributing 38.96% and 44.33% of the total variation, respectively, while their interaction
contributed 10.42%. The model explained 93.70% of the total variation in cutting force.

Table 3. Two-way ANOVA for cutting force and surface-quality descriptors

Response | Model R%(%) Factor F-value p-value Contribution (%) | Significance
Fr 93.70 Cutting speed V. | 111.41 3.87 x 1077 | 38.96 Significant
Feed per tooth f, | 63.37 7.12x107° | 44.33 Significant
/g 14.89 1.53 x 107* | 10.42 Significant

Ra 87.82 Cutting speed V, | 0.47 0.501 0.32 Not significant
Feed per tooth f, | 62.16 8.28 x 1077 | 84.10 Significant

V. X f, 2.51 0.109 3.40 Not significant
Sa 95.14 Cutting speed I, | 45.95 2.38x107° | 1241 Significant
Feed per tooth f, | 114.14 | 595 x 107! | 61.65 Significant
V. X f, 39.03 2.85x 1077 | 21.08 Significant
Vabove 95.58 Cutting speed V. | 101.11 8.21 x 1077 | 24.84 Significant
Feed per tooth f,, | 77.76 1.39 x 1079 | 38.21 Significant
V. X f, 66.19 5.04 x 1079 | 32.53 Significant
Voelow | 94.58 Cutting speed V., | 126.96 | 1.38 x 1072 | 38.26 Significant




Feed per tooth f, | 52.78 2.96 x 1078 | 31.81 Significant

V. X f, 40.64 2.11x 1077 | 24.50 Significant

Note: Statistical significance was assessed at p < 0.05. Percentage contribution was calculated from the sum of
squares of each ANOVA term relative to the total ANOVA sum of squares. The analysis was performed using specimen-
averaged data, with the two machined faces of each specimen averaged before ANOVA (n = 4 independent specimens
per machining condition).

The increase in force with feed per tooth can be attributed to the larger undeformed chip thickness and the consequently
greater mechanical resistance to fibre fracture and material removal. Conversely, increasing the cutting speed from 200
to 300 m/min consistently reduced F at all feed levels. The magnitude of this reduction depended on feed per tooth
and was particularly pronounced at f, = 0.05mm/tooth, where the mean force decreased from 72.75 to 41.27 N. This
trend is consistent with previous observations in CFRP milling [33]. The final cutting-edge radius, which was measured
using the Alicona system, also varied systematically with the cutting parameters. At V, = 200m/min, the measured
edge radius decreased from 12.98um at f, = 0.017mm/tooth to 11.63um at f, = 0.033mm/tooth and 9.19um at f, =
0.05mm/tooth. At V, = 300m/min, the corresponding values were 10.64, 8.95 and 8.61 um, respectively (Figure 4).
Thus, at a fixed feed per tooth, the final edge radius was smaller at the higher cutting speed, while at a fixed cutting

speed the radius decreased as feed per tooth increased.
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Fig. 4 Final cutting-edge radius rgmeasured after machining under different combinations of cutting speed and feed
per tooth.

The larger final edge radius obtained at the lowest feed per tooth may be related to the substantially greater number of
tool-workpiece engagements required to machine a given cutting length when the chip load per tooth is small.
Consequently, the cutting edge experiences a larger accumulated number of contacts with the highly abrasive carbon
fibres. This repeated interaction may promote progressive edge rounding even when the instantaneous material removal
per tooth is relatively low. The observed reduction in final edge radius at the higher cutting speed indicates, however,
that the evolution of PCD edge geometry cannot be explained by a simple cutting temperature argument alone and is
likely governed by the combined effects of abrasive interaction, chip load, cutting velocity and the associated wear
mechanisms. A similar trend was also observed in the study by Nguyen-Dinh et al. [28], in which a PCD cutting tool
with two straight cutting edges was employed.
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The relationship between edge condition and force is particularly relevant. Conditions associated with a larger final
cutting edge radius generally exhibited higher cutting forces. This tendency can be visualized in Figure 5. For example,
at f, = 0.017mm/tooth, increasing I, from 200 to 300 m/min reduced the final edge radius from 12.98 to 10.64 um
and simultaneously reduced the mean cutting force from 35.64 to 28.49 N. A similar tendency was found at f, =
0.033mm/tooth. These observations indicate that cutting edge bluntness contributes to the resistance to CFRP removal,
although the direct influence of cutting speed on cutting mechanics must also be considered. A similar trend has also
been reported in the previous study by Haddad et al.[37]. The above comparison characterizes the overall relationship
between final edge condition and cutting force; however, it does not capture the progressive evolution of the cutting
process. This evolution was therefore examined using cumulative cutting length, L.

A clearer indication of progressive changes in the cutting process was obtained by expressing the measurements as a
function of cumulative cutting length, L.. The evolution of cutting force with cumulative cutting length is shown in
Figure 6. The cutting force increased systematically with L. under all six cutting conditions. The correlations between
Fr and machining progression were strong, with coefficients ranging approximately from r = 0.83 to 0.98, and all
trends were statistically significant. At V. = 200m/min, the increase in force per machined face was approximately
2.79, 2.80 and 3.40 N for f, = 0.017, 0.033, and 0.05 mm/tooth, respectively. At 300 m/min, the corresponding
increases were approximately 2.74, 1.23 and 2.03 N per face. A similar increase in cutting force with machining
distance has been reported by [11], [38], [39], who attributed this behaviour primarily to progressive tool-edge
deterioration during CFRP machining. The agreement with these previous studies indicates that the force evolution
observed in the present experiments follows the well-established mechanical response associated with progressive tool
wear.
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Fig. 6. Evolution of cutting force (Fr) with cumulative cutting length (L.) under the six machining conditions.

This systematic force increase is consistent with a progressive change in cutting-edge condition during machining.
Since the edge radius was measured only after completion of each cutting condition, its evolution with L. cannot be
quantified directly. Nevertheless, the combination of increasing force with accumulated cutting length and enlarged
final edge radii is consistent with progressive cutting-edge rounding. Importantly, the surface-quality descriptors did
not exhibit the same universal increase with L., indicating that the influence of cutting-edge evolution on CFRP surface
integrity is substantially more complex than its effect on cutting force. These observations show that cutting force and
tool-edge condition provide important information on the evolution of the cutting process, but they cannot by
themselves describe the resulting surface state. The following section therefore examines how this mechanical response
is reflected in the conventional profile roughness Ra and the three-dimensional areal roughness Sa.

3.2. Conventional profile roughness, Ra

The evolution of Ra as a function of machining conditions was presented in Figure 7. It is observed that the profile
roughness Ra was predominantly controlled by feed per tooth. At V., = 200m/min, the mean Ra increased from
0.782 um at f, = 0.017mm/tooth to 0.881 um at f, = 0.033mm/tooth and 1.527 um at f, = 0.05mm/tooth. At V. =
300m/min, the corresponding values were 0.917, 0.735, and 1.426 um. Two-way ANOVA, presented in Table 3,
showed a highly significant effect of feed per tooth on Ra (p < 1078), accounting for approximately 84.1% of its total
variation. In contrast, the effect of cutting speed was not statistically significant (p = 0.50), and the interaction between
cutting speed and feed per tooth was also not significant at the 5% level (p = 0.109). These results show that Ra
remains a useful descriptor of feed-related variation in CFRP surface quality. In particular, it clearly identifies the
deterioration associated with the highest feed per tooth. However, its limited sensitivity to cutting speed demonstrates
an important limitation. At f, = 0.05mm/tooth, for example, the mean Ra values obtained at 200 and 300 m/min were
very similar, 1.527and 1.426 um, respectively. If surface quality were evaluated only using Ra, these two conditions
could therefore be interpreted as producing broadly comparable surfaces.
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Fig. 7. Effect of cutting speed and feed per tooth on the profile roughness Ra.

The evolution of Ra with cumulative cutting length further illustrates this limitation (Figure 8). Despite the consistent
increase in cutting force with L., Ra did not exhibit a universal increasing trend. A statistically significant increase
was observed at V, = 200m/min and f, = 0.05mm/tooth, whereas Ra decreased significantly with cutting length at
V. = 200m/min, f, = 0.017mm/tooth and particularly at I, = 300m/min, f, = 0.033mm/tooth. Under the remaining

conditions, no significant systematic trend in Ra with cumulative cutting length was observed. This decoupling
between cutting-force evolution and profile roughness is consistent with previous CFRP studies showing that
mechanical loading, tool wear and surface quality do not necessarily evolve proportionally, because the resulting
surface state is also strongly influenced by fibre orientation and local material-removal mechanisms [7], [31] .

More importantly, similar Ra values do not necessarily imply similar three-dimensional surface morphologies. This
limitation is clearly illustrated by the two high-feed conditions. At f, = 0.05mm/tooth, the mean Ra values at V, =
200and 300 m/min were very similar, 1.527 and 1.426 um, respectively. However, the corresponding optical images
acquired using the Alicona system reveal visibly different spatial surface textures (Figure 9). The surface produced at
200 m/min exhibits a more heterogeneous appearance, with pronounced irregular bands and localized coarse surface
regions, whereas the surface produced at 300 m/min appears comparatively more uniform over the analyzed region.
The red rectangular boxes in Figure 9 indicate the regions of interest used for quantitative surface characterization;
free-edge damage outside these regions was excluded from the analysis.
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Figure 8. Evolution of profile roughness Ra with cumulative cutting length under different machining conditions.

To minimize the influence of machining progression on the visual comparison, the optical images in Figure 9 were
selected from the same cumulative cutting-length position, L, = 0.945m, for both cutting-speed conditions. The
images are used only to illustrate spatial morphology; image intensity is not interpreted as a direct measure of surface
height, so bright and dark regions are not assigned to raised or recessed features on this basis alone.

'\ Position of Transverse
surface profile-

Boundﬁry of ROI

Boundary of ROI

Figure 9. Optical images of surfaces machined at f, = 0.05mm/tooth and L. = 0.945m: (a) V. = 200m/min and (b)
V. = 300m/min.



Additional insight into the surface morphology at I, = 200m/min and f, = 0.05mm/tooth is provided by the
representative transverse profile shown in Figure 10. The profile contains a pronounced localized positive excursion
exceeding approximately 100 um relative to the reference level, together with smaller positive and negative deviations
over the remaining measured length. This observation indicates that the high roughness response under this condition
is associated with strongly localized three-dimensional surface features rather than with a uniform increase in the
height of the entire surface. Because a corresponding archived transverse profile was not available for the V. =
300m/min condition, Figure 10 is used only as a representative illustration of the morphology observed at 200 m/min
and is not employed for direct quantitative comparison between the two cutting speeds.

Taken together, the optical observations and the representative profile demonstrate that the profile-based parameter
Ra cannot fully describe the spatial heterogeneity of the machined CFRP surface. This motivates the use of the three-
dimensional areal roughness Sa, which evaluates the complete measured surface rather than a single profile.

[um]

_ann [mm] aspect ratio: 1:8.2

Figure 10. Transverse surface profile for V, = 200m/min and f, = 0.05mm/tooth, showing a pronounced localized
positive surface excursion relative to the reference level.

3.3. Areal surface roughness, Sa

The three-dimensional areal roughness Sa exhibited a substantially stronger response to the machining parameters than
Ra (Figure 11). At V., =200m/min, Sa increased from 2.52 ymat f, = 0.017mm/tooth to 3.46 umat f, =
0.033mm/tooth and then increased sharply to 17.08 umat f, = 0.05mm/tooth. At V. = 300m/min, the corresponding
values were 2.98, 2.35, and 6.41 um. In contrast to Ra, Sa was significantly affected by cutting speed, feed per tooth
and their interaction. As summarized in Table 3, feed per tooth was the dominant factor, accounting for approximately
61.65% of the total variation in Sa. The V, X f,interaction contributed 21.08%, while cutting speed accounted for
12.41%. The factorial model explained 95.14% of the total variation in Sa, indicating a stronger overall sensitivity of
the areal descriptor to changes in machining condition than that observed for Ra. The greater sensitivity of the areal
descriptor is consistent with previous three-dimensional studies of CFRP machined surfaces, which showed that
localized fibre-related defects and fibre orientation strongly affect areal topography and may not be represented
adequately by a single profile-based roughness measure [24].
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Figure 11. Effect of cutting speed and feed per tooth on the areal surface roughness Sa.

The contrast between the two high-feed conditions is particularly informative. Although Ra remained similar when the
cutting speed was increased from 200 to 300 m/min at f, = 0.05mm/tooth, Sa decreased markedly from 17.076 to
6.410 um. This difference is consistent with the optical observations in Figure 9, where the surface produced at 200
m/min exhibits a more heterogeneous spatial texture than that obtained at 300 m/min. The stronger response of
Sa reflects the advantage of evaluating the complete three-dimensional surface area. Machined CFRP surfaces are
inherently heterogeneous, and localized topographic features may occupy only a limited fraction of the measured area.
Such features can be strongly attenuated or entirely missed when surface quality is represented by a profile-based
average such as Ra. In contrast, Sa incorporates the height variation over the complete analyzed surface and is
therefore more sensitive to spatially localized topographic irregularity.
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Figure 12. Evolution of areal surface roughness Sa with cumulative cutting length under different machining
conditions.

The evolution of Sa with cumulative cutting length further demonstrates that the areal response is condition dependent
(Figure 12). At 200 m/min and f, = 0.05mm/tooth, Sa increased significantly with machining progression, consistent
with the simultaneous increase in cutting force and Ra under this severe cutting condition. However, this behaviour
was not universal across the six machining conditions. Under several other conditions, Sa remained approximately
stable or exhibited decreasing trends despite the systematic increase in cutting force. Progressive changes in cutting



mechanics were therefore not accompanied by a consistent increase in three-dimensional roughness. However, S,
quantifies the magnitude of areal height variation without indicating whether the dominant topographic deviation lies
above or below the reconstructed reference surface.

3.4. Above-surface volume

The separated volumetric descriptors were therefore examined to resolve the positive and negative contributions
relative to the reconstructed ISO-surface. The Above Surface Volume exhibited the strongest interaction between
cutting speed and feed per tooth among the investigated surface descriptors (Figure 13). At V, = 200m/min, the mean
above-surface volume increased moderately from 0.122 mm3at f, = 0.017mm/tooth to 0.150 mm3at f, =
0.033mm/tooth, before increasing sharply to 0.975 mm?3at f, = 0.05mm/tooth. In contrast, at ¥, = 300m/min the
corresponding values were 0.107, 0.034, and 0.106 mm?3. Therefore, increasing the feed to 0.05 mm/tooth generated
a large above-surface volumetric response at 200 m/min but not at 300 m/min. As summarized in Table 3, ANOVA
confirmed highly significant effects of cutting speed, feed per tooth and their interaction on Above Surface Volume,
with all p-values below 1078, The feed effect accounted for approximately 38.21% of the total variation, the interaction
for 32.53%, and cutting speed for 24.84%. The large interaction contribution indicates that the effect of feed on the
above-surface volumetric response depends strongly on cutting speed.
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Figure 13. Effect of cutting speed and feed per tooth on Above Surface Volume measured using the Alicona Volume
Measurement method.

The condition V. = 200m/min and f, = 0.05mm/tooth is particularly noteworthy because it simultaneously exhibited
the highest Saand by far the largest Above Surface Volume in the dataset. Its mean Sa was 17.076 um and its Above
Surface Volume reached 0.975 mm?, compared with 6.410 pm and 0.106 mm?, respectively, at V. = 300m/min under
the same feed per tooth. This result indicates that the exceptionally large areal roughness at 200 m/min was
predominantly associated with topographic volume located above the reconstructed ISO-surface.

This distinction could not be inferred from Ra. At the same two high-feed conditions, Ra changed only from 1.527 to
1.426 pum as cutting speed increased from 200 to 300 m/min. Thus, a relatively small change in the profile roughness
accompanied an approximately nine-fold reduction in Above Surface Volume. This comparison demonstrates that the
volumetric descriptor is substantially more sensitive to changes in the three-dimensional distribution of the surface
topography than Ra.

The evolution of Above Surface Volume with cumulative cutting length was also strongly condition dependent (Figure
14). At V. = 200m/min and f, = 0.05mm/tooth, Above Surface Volume showed a positive trend with machining
progression, consistent with the simultaneous increases in F;, Ra and Sa, although the linear trend in Above Surface
Volume itself did not reach the 5% significance level. In contrast, at V. = 300m/min and f, = 0.017mm/tooth, Above



Surface Volume increased significantly with cumulative cutting length even though neither Ra nor Sa exhibited a
significant monotonic increase. These results show that machining progression can alter the balance of three-
dimensional topographic features without producing a corresponding monotonic change in conventional roughness
parameters. The Above Surface Volume therefore provides information on the evolution of positive topographic
deviation that is not captured consistently by either Ra or Sa.
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Figure 14. Evolution of Above Surface Volume with cumulative cutting length under the six machining conditions.

While the Above Surface Volume characterizes the positive volumetric deviation from the reconstructed ISO-surface,
a complete description of the surface topography also requires consideration of the corresponding negative deviation.
The Below Surface Volume was therefore examined separately to determine whether the machining parameters
produced a similar or fundamentally different response below the reference surface.

3.5. Below-surface volume

The Below Surface Volume showed an entirely different response from the Above Surface Volume as presented in
Figure 15. At V., = 200m/min, the mean below-surface volume remained comparatively small, increasing only from
0.019 mm?3at f, = 0.017mm/tooth to 0.029 mm?3at f, = 0.033mm/tooth and 0.033 mm?3at f, = 0.05mm/tooth. At
V. = 300m/min, however, the Below Surface Volume increased strongly with feed, from 0.040 mm3at f, =
0.017mm/tooth to 0.093 mm?3at f, = 0.033mm/tooth and 0.231 mm?3at f, = 0.05mm/tooth.
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Figure 15. Effect of cutting speed and feed per tooth on Below Surface Volume measured using the Alicona Volume
Measurement method.

The results in Table 3 show that cutting speed, feed per tooth and their interaction all had statistically significant effects
on Below Surface Volume. Cutting speed accounted for approximately 38.26% of the total variation, feed per tooth for
31.81%, and the interaction (V. X f,) for 24.5%. The factorial model explained 94.58% of the total variation. These
results indicate that the development of negative topographic volume relative to the reconstructed ISO-surface depends
on the combined cutting condition rather than on feed per tooth alone.

The comparison between the two high-feed conditions provides the clearest evidence of this behaviour. At f, =
0.05mm/tooth and V, = 200m/min, the volumetric response was strongly above-surface dominated, with V,ove =
0.975mm* and Vjeow = 0.033mm?. In contrast, at V. = 300m/min, V,y,ye decreased to 0.106 mm?® while
Vpelowincreased to 0.231 mm?. Increasing cutting speed therefore produced a clear inversion in the dominant
volumetric response, from predominantly positive to predominantly negative topographic deviation relative to the
reconstructed [SO-surface.

This inversion is largely obscured when the same surfaces are characterized using Ra. Their mean Ra values were
1.527 and 1.426 um, respectively, differing by only approximately 0.10 pm. Sa was considerably more sensitive,
decreasing from 17.076 to 6.410 um, and therefore clearly identified a substantial change in the overall magnitude of
three-dimensional surface irregularity. However, Sa alone cannot indicate whether this irregularity is dominated by
topographic volume above or below the reference surface.

The separated Above and Below Surface Volumes therefore provide complementary information that cannot be
obtained from either Ra or Sa alone. Ra describes profile-scale roughness and Sa quantifies the overall magnitude of
three-dimensional surface irregularity, whereas the volumetric descriptors additionally distinguish the direction of the
dominant topographic deviation relative to the reconstructed reference surface. Whereas previous volumetric
characterization of CFRP machining has focused primarily on crater-volume measures used alongside S, and X-ray
tomography [28], the present approach separates the volumetric response into above- and below-surface components,
enabling the direction of the dominant topographic deviation to be distinguished explicitly.

The evolution of Below Surface Volume with cumulative cutting length further emphasizes that machining progression
does not produce a universal change in surface morphology (Figure 16). In particular, at V. = 300m/min and f, =
0.017mm/tooth, Below Surface Volume decreased significantly with increasing L., while Above Surface Volume
increased significantly. At the same time, cutting force increased strongly, whereas neither Ra nor Sa exhibited a
significant monotonic trend. This opposite evolution of the two volumetric components demonstrates that machining
progression can change the relative balance between positive and negative topographic deviations without producing
a corresponding monotonic response in conventional roughness parameters.

~@- Vc200-f20.017 =@~ Vc300-fz0.017
Vc200-f20.033 =@ Vc300-fz0,033

0309 g 20020050 -8 ve300-0.050

0.25 1

0.20 4

0.154

0.10 4

Below-surface volume {(mm?)

0.05 4

0.00 A

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Cumulative cutting length, L. (m)

Fig. 16. Evolution of Below Surface Volume with cumulative cutting length under different machining conditions.



To provide independent qualitative evidence for the below-surface response, pCT observations were obtained for the
two high-feed conditions, V. = 200 and 300 m/min at f, = 0.05mm/tooth, at the same depth of 100 um below the
machined surface (Figure 17). Moreover, for consistency with the optical comparison, the pnCT observations were
obtained from the same cumulative cutting-length position, L, = 0.945m, for both high-feed conditions. A clear
difference was observed between the two conditions. The specimen machined at 300 m/min exhibited more numerous
and more extensive localized low-density/discontinuous regions, whereas the corresponding specimen machined at
200 m/min appeared comparatively more uniform. This qualitative difference is consistent with the Alicona volumetric
measurements. At 300 m/min, the substantially larger Below Surface Volume (0.231 mm3) was accompanied by a
greater occurrence of pnCT-visible discontinuities, whereas the 200 m/min condition exhibited a much smaller Below
Surface Volume (0.033 mm?3) and fewer such features. The puCT observations therefore provide independent
qualitative support for the physical relevance of the separated below-surface volumetric response. The presence of
condition-dependent subsurface discontinuities is consistent with previous investigations showing that subsurface
damage in CFRP milling is strongly influenced by cutting parameters, fibre cutting angle and cutting-edge geometry
[32] . Because the present pCT comparison is qualitative, the observed regions are not assigned to a specific fibre- or
matrix-scale damage mechanism without further segmentation or three-dimensional defect analysis.
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Figure 17. Reconstructed pCT images at a depth of 100 pm below the machined surface for f, = 0.05mm/tooth and
L, = 0.945m: (a) V. = 200m/min and (b) V. = 300m/min.

The agreement between the volumetric and uCT observations suggests that the high-feed inversion reflects a change
in the form of material removal rather than merely a change in roughness magnitude. Because f, remained fixed at
0.05 mm/tooth, the inversion cannot be attributed to a change in nominal chip load. Instead, increasing cutting speed
changes the rate and dynamics of tool-material interaction and may modify the balance between fibre bending,
incomplete separation, localized fracture and material-removal events across the different fibre orientations of the
multidirectional laminate. Under this interpretation, the strongly positive volumetric response at 200 m/min is
consistent with a greater contribution from localized features remaining above the reconstructed reference surface,
whereas the larger negative volume at 300 m/min is consistent with a greater contribution from removal events leaving
subsurface or material-deficit-type discontinuities. The uCT observations support the existence of physically different
surface/subsurface states, although the specific fibre- and matrix-scale mechanisms cannot be identified from the
present data alone.

Because the Above and Below Surface Volumes are extensive quantities, their absolute values may in principle depend
on the size of the analyzed surface region. To verify that the volumetric differences identified above were not caused
by small variations in the projected ROI area, the volumetric response was additionally normalized by the projected
area, A,.

> Ap

_ Vabove _ Vbelow
Vabove,n ~ ) Vbelow,n ~ . (2)
14 14

The total normalized volumetric deviation was additionally calculated as Eq. (3):



Vtot,n — Vabove:Vbelow. 3)
14

where A, is the projected area of the analyzed region. Since the volumes are expressed in mm?® and A, in mm?
multiplication by 1000 expresses the normalized quantity in micrometres. Viota) 5 therefore represents an equivalent
mean total volumetric deviation per unit projected area, combining the contributions above and below the reconstructed
ISO-surface. The projected areca was highly consistent among the experimental conditions, with condition means
ranging only from approximately 44.45 to 44.84 mm? Consequently, the large differences observed in Above and
Below Surface Volume cannot be attributed to substantial variations in the analyzed surface area. From the results in
Figure 18, it is observed that at V. = 200m/min, the normalized total volumetric deviation increased from
approximately 3.15 um at f, = 0.017mm/tooth to 4.00 pm at f, = 0.033mm/tooth, before increasing sharply to 22.66
pm at f, = 0.05mm/tooth. At V, = 300m/min, the corresponding values were 3.28, 2.84 and 7.59 um. Thus, the
normalized response reproduced the same strong high-feed contrast identified using the raw volumetric quantities. The
pronounced peak at 200 m/min and 0.05 mm/tooth was dominated by the Above Surface Volume because its magnitude
(0.975 mm?®) greatly exceeded the corresponding Below Surface Volume (0.033 mm?), whereas the relative contribution
of the below-surface component was greater at 300 m/min under the same feed condition.

The statistical response of the normalized descriptor was consistent with that of the raw volumetric quantities: feed per
tooth remained the dominant factor, while cutting speed and the V. X f, interaction also exerted statistically significant
effects. Importantly, normalization did not alter the principal trends or the relative ranking of the machining conditions.
The close agreement between the raw and normalized results confirms that the large volumetric differences observed
in this study cannot be attributed to small variations in ROI size. Rather, they reflect genuine differences in the
measured three-dimensional surface topography. The raw Above and Below Surface Volumes were therefore retained
as the principal engineering responses, whereas Viyta1 normWas used as an area-normalized robustness descriptor.
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Figure 18. Effect of cutting speed and feed per tooth on the normalized total volumetric deviation, Vioiq) -
3.6. Relationships among surface descriptors and cutting mechanics

Having established that the volumetric trends remained unchanged after normalization by projected area, the
relationships among Ra, Sa, and the volumetric descriptors were examined to determine whether these parameters
contain redundant or complementary information. Their relationships with cutting force were also evaluated to assess
whether the mechanical loading of the cutting process could be used as a direct indicator of the resulting surface
condition.

Across the 48 machined surfaces, R, and S, exhibited only a moderate positive correlation (r = 0.659; Figure 19),
indicating only partial overlap between profile and areal roughness. S, correlated strongly with Above Surface Volume
(r=10.950) and with the normalized total volumetric deviation, whereas its relationship with Below Surface Volume
was weak ( =-0.027; Figure 20). The weak S,-Below Surface Volume association is particularly important because it
shows that the below-surface component varied largely independently of the overall areal roughness magnitude.
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Figure 19. Relationship between profile roughness Ra and areal roughness Sa for the 48 machined surfaces.

This distinction is particularly evident for the high-feed conditions discussed in Sections 3.3-3.5. At V. = 300m/min
and f, = 0.05mm/tooth, the surface exhibited a substantial Below Surface Volume despite a considerably lower
Sa than the corresponding 200 m/min condition. Therefore, Sa is more sensitive than Ra to three-dimensional surface
variation, but it cannot distinguish whether that variation is dominated by positive or negative volumetric deviation
relative to the reconstructed reference surface.
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Figure 20. Relationship between (a) Sa and Above Surface Volume and (b) Sa and Below Surface Volume.

Because pooled correlations can partly arise from the simultaneous influence of cutting speed and feed per tooth on
several responses, within-condition correlations were also evaluated after subtracting the corresponding cutting-
condition means. Under this analysis, the relationship between Ra and normalized total volumetric deviation became
negligible, whereas the relationship between Sa and normalized total volumetric deviation remained strong. Similarly,
the within-condition association between Sa and Above Surface Volume remained appreciable. These results provide
additional evidence that areal roughness is more closely associated with three-dimensional volumetric topography than
profile roughness, even after the common influence of the machining parameters is reduced.

The relationship between cutting force and the surface descriptors provides a complementary mechanical perspective
as exhibited in Figure 21. Across the complete dataset, cutting force showed a moderate correlation with Ra (r =
0.475), but substantially stronger correlations with Sa (r = 0.836) and Above Surface Volume (r = 0.842). In
contrast, the correlation between cutting force and Below Surface Volume was weak and slightly negative (r =



—0.175). After removing the cutting-condition means, the force—Ra relationship became negligible, whereas moderate
relationships remained between cutting force and both Saand Above Surface Volume.

These results demonstrate that increasing mechanical cutting load does not correspond to a uniform increase in every
form of surface irregularity. This is particularly evident at f, = 0.05mm/tooth, where increasing cutting speed from
200 to 300 m/min reduced the mean cutting force from approximately 72.75 to 41.27 N, while Below Surface Volume
increased markedly from 0.033 to 0.231 mm?. Therefore, a lower cutting force cannot automatically be interpreted as
improved surface condition, because changes in machining conditions may reduce the mechanical load while
simultaneously altering the dominant topographic response of the machined surface.

Taken together, the correlation and cumulative-length analyses show that the investigated descriptors are
complementary rather than interchangeable. Ra remains useful for detecting feed-related changes in profile roughness,
whereas Sa provides greater sensitivity to three-dimensional surface variation. The separated Above and Below
Surface Volumes extend this characterization by retaining information on the direction of the volumetric deviation
relative to the reconstructed reference surface. At the same time, the progressive increase in cutting force with
cumulative cutting length did not produce a universal increase in any single surface descriptor. The value of the
volumetric approach therefore lies not in replacing conventional roughness parameters, but in revealing three-
dimensional topographic information that Ra, Sa, or cutting force alone cannot provide.
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Figure 21. Relationships between cutting force and surface-quality descriptors: (a) Ra, (b) Sa, (c) Above Surface
Volume, and (d) Below Surface Volume.

Several limitations of the present study should be acknowledged. The surface measurements were performed over a
nominal ROI of approximately 45 mm? located within the machined surface, with free-edge damage intentionally
excluded; therefore, the reported descriptors characterize the local machined-surface state rather than the complete



specimen surface. The factorial analysis was based on four independent specimens per machining condition, while the
two faces of each specimen were treated as paired measurements. The uCT observations were limited to a qualitative
comparison of the two high-feed conditions at a common depth of 100 pm and were not subjected to three-dimensional
segmentation or quantitative defect analysis. In addition, the present work focused on surface topography and
machining mechanics and did not directly establish relationships between the proposed volumetric descriptors and the
post-machining mechanical properties of the machined CFRP specimens. These aspects provide important directions
for further validation of the volumetric characterization approach.

4. Conclusions

This study compared conventional profile roughness, three-dimensional areal roughness and separated volumetric
descriptors for characterizing milled CFRP surfaces under different cutting speeds, feed per tooth values and
cumulative cutting lengths. The following conclusions can be drawn:

1. Cutting mechanics were strongly dependent on the machining condition. Cutting force increased with feed
per tooth and decreased when cutting speed was increased from 200 to 300 m/min. Cutting force also
increased systematically with cumulative cutting length, while the final cutting-edge measurements were
consistent with progressive changes in tool condition during machining.

2. Raremained useful for identifying feed-related roughness changes but showed limited sensitivity to cutting
speed. Feed per tooth accounted for 84.1% of the total variation in Ra, whereas cutting speed and the
V. X f, interaction were not statistically significant. In contrast, Sa was significantly affected by cutting speed,
feed per tooth and their interaction, demonstrating greater sensitivity to three-dimensional changes in the
machined surface.

3. The separated Above and Below Surface Volumes revealed information that could not be obtained from either
Ra or Sa alone. At f, = 0.05mm/tooth, increasing cutting speed from 200 to 300 m/min changed Ra only
from 1.527 to 1.426 um, whereas the volumetric response changed from strongly above-surface dominated
Vabove = 0.975 mm>, Vielow = 0.033 mm? to below-surface dominated (Vapove = 0.106 mm?, Vielow = 0.231
mm?®). This demonstrates that comparable profile roughness does not necessarily correspond to comparable
three-dimensional surface states.

4. The physical relevance and robustness of the volumetric response were supported by independent analyses.
Qualitative pCT observations at a common depth of 100 pm showed more numerous and extensive localized
discontinuities for the 300 m/min high-feed condition, consistent with its substantially larger Below Surface
Volume. In addition, normalization by projected area reproduced the same principal volumetric trends,
confirming that the observed differences were not caused by small variations in ROI size.

5.  Machining progression and cutting force did not produce a universal change in surface quality. Although
cutting force increased consistently with cumulative cutting length, Ra, Sa, V,poveand Vpelow €volved
differently depending on the machining condition. Correlation analysis similarly showed that neither cutting
force nor a single roughness parameter can fully represent the resulting CFRP surface state.

6. The investigated descriptors are therefore complementary rather than interchangeable. Ra describes profile-
scale roughness, Sa captures the magnitude of three-dimensional areal variation, while Vgpove and
Vbelow additionally retain information on the direction and volumetric extent of the topographic deviation
relative to the reconstructed reference surface. Volumetric characterization should therefore be used as a
complement to, rather than a replacement for, conventional roughness measurements when a more complete
description of machined CFRP surfaces is required.

Overall, the results demonstrate that machined CFRP surface quality cannot be represented adequately by a single
roughness parameter when the objective is to distinguish different three-dimensional surface states. The combined use
of profile, areal and separated volumetric descriptors provides a more physically informative basis for relating
machining conditions and cutting mechanics to the resulting surface topography.
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